ABSTRACT The typical control strategy for wind energy conversion systems (WECS) is the maximum power coefficient tracking method. However, this method limits the participation of wind turbines in power quality improvement in the network. To overcome this limitation, this paper presents, in the first step, a new methodology that derives the power coefficient that permits to expand the role of WECS based on doubly-fed induction generators, to load balancing and reactive power support to the grid. The proposed method allows the WECS to provide active power to the grid under better conditions compared to the typical control method. However, in case multilevel converters are used for grid connection of wind turbines, the application of the proposed method may imply the accentuation of the inherent problem of dc capacitor-voltage imbalance of these converters, leading to jeopardize their operation. For this reason, in the second step, a predictive control algorithm capable of simultaneously improving the power quality in power grids and ensuring reliable operation of the associated converter is proposed. The simulation and experimental results are presented.
I. INTRODUCTION
With large-scale wind power integration into the grid [1] , in addition to active power production, wind turbines are required to provide ancillary services [2] , such as load balancing and reactive power support to the network [3] , [4] . In these cases, in addition to active power production, the WECS is controlled in such a way that it compensates the load reactive and unbalanced power.
The Maximum Power Point Tracking (MPPT) control strategy has been the subject of numerous studies in the literature, and has been widely adopted in the control of wind systems [5] , [6] . It consists on maximizing the power captured by the wind turbine by adjusting the power coefficient to its maximum value. However, this strategy limits the participation of wind turbines in enhancing the power quality in the grid.
In fact, in the case of a WECS, reactive and unbalanced power compensation can only be provided within the constructive limits of the electric generator and the power electronics connecting the wind turbine to the grid. The injection of the maximum active power can therefore limit the capability of injecting the compensation powers.
For this reason, in a first contribution, unlike the MPPT method, this paper proposes a new control strategy that consists of identifying, no longer the maximum power coefficient, but the coefficient that allows the WECS based on Doubly-Fed Induction Generator (DFIG) [7] , [8] , to reduce the imbalance and improve the power factor (reactive power compensation) in the network while injecting the maximum possible active power.
However, applying the new method, to guarantee a better energy quality, requires unbalanced reactive currents injection from the converter connecting the wind turbine to the grid.
Unfortunately, studies have shown that controlling a multilevel converter [9] to compensate reactive and unbalanced powers, leads to accentuate the voltage unbalance of the DC-link capacitors of these converters [10] (the DC-link capacitor unbalancing is the result of unequal voltage sharing among the series connected capacitors).
Thus, in case multilevel converters are used for grid connection of wind turbines, the control must be able to supply the network with an unbalanced current without accentuating the imbalance of the DC bus of the converter.
The DC-link capacitor voltage balancing problem in multilevel converters has been widely addressed in the literature resulting in various strategies being presented [11] , [12] .
The most commonly used control methods are based on Sinusoidal Pulse Width Modulation (SPWM) and the Space Vector PWM (SVPWM) [13] , [14] .
Studies have shown that the performance of these methods is limited: the region in which the DC-link can be totally balanced is dependent on the values of the modulation index and the power factor angle [15] .
In order to overcome limitations deriving from these solutions proposed in the literature, this work presents, in a second contribution, an algorithm based on the predictive control method [16] , [17] applied to the grid-side three-level NeutralPoint Clamped converter [18] , [19] as part of the WECS.
This predictive control proved the ability to simultaneously balance the electrical network and the DC bus of the NPC converter. The proposed method is validated by simulation and on an experimental bench.
II. WIND ENERGY CONVERSION SYSTEM BASED ON DOUBLY-FED INDUCTION GENERATOR
In this study, the WECS consists of [20] , [21] : wind turbine, DFIG, DC-link capacitor, two power converters and an output filter as shown in Fig. 1 .
The stator of the DFIG is directly connected to the electrical network while the rotor is connected to the network via two bidirectional converters, a Rotor Side Converter (RSC) and a Grid Side Converter (GSC), connected in a back-toback converter configuration through a DC-link capacitor.
• The RSC operates at variable frequency, it is used to control the power generated by acting on the speed of the generator.
• The GSC allows the delivery of currents with a fixed frequency imposed by the network.
• The output filter reduces current harmonics. With this configuration of WECS, the electrical power is delivered to the grid through the stator of the DFIG and is exchanged through the rotor [22] .
In steady-state, the total active power of the DFIG can be expressed by:
where P s and P r are respectively the stator active power and the rotor active power.
The relationship between these active powers is:
Where s is the slip which is the term commonly used to define the relationship between the synchronous speed s and the mechanical rotational speed m at the rotor:
III. CLASSICAL MPPT METHOD
In a WECS, not all of the available wind power P v , flowing into the turbine blades at specific wind speed, is converted to mechanical power P m . The wind turbine can recover only a part of P v :
where C p is the power coefficient that is a measure of the wind turbine efficiency.
As a result, for an available wind power, maximizing the effective usable wind power is obtained by maximizing the value of C p . This coefficient depends on the turbine characteristics: the dimensions of the blade, the tip speed ratio λ and the pitch angle β. For a given pitch angle β (a given curve in Fig. 2) , there is only one value of λ corresponding to maximum power.
The tip speed ratio λ can be expressed in function of the rotor radius R, the wind speed V v and the speed of the turbine t as follows:
As it can be expressed in function of the slip s as follows:
where G is the gearbox ratio. Since λ can be expressed in function of the speed of the turbine, therefore for a given wind speed V v , the classical MPPT strategy aims to adjust the speed of the turbine to rotate at that rotation speed for which the wind system is kept operating at the peak power point. 
IV. POWER CAPABILITY OF THE WECS BASED ON THE DFIG
As seen in the above section with the classical MPPT method, for a given wind power, the control of the WECS is designed to ensure the injection of the maximum active power to the grid, choosing the power coefficient C p at its maximum value.
The power capability defines the maximum active, reactive and unbalanced power that the system can exchange with the grid. Based on the power capability of the WECS, reactive and unbalanced powers (compensation powers to be injected for power quality improvement in the grid) can only be supplied within the operating limits of the DFIG and the power converters. Therefore, using the MPPT method that consists on injecting the maximum active power can limit the possibility of injecting the compensation powers.
For this reason, this paper proposes a new methodology that derives the power coefficient that identifies the maximum possible active power that does not limits the capability to inject the compensation reactive and unbalanced powers: this coefficient prioritizes the grid power quality while injecting the maximum possible active power with respect to the power capability of the WECS.
In this section, the calculation of the compensation powers is presented. Then, the main operating limits of the DFIG and the GSC will be introduced. Based on these limitations the proposed methodology will be presented in the next section.
A. CALCULATION OF THE COMPENSATION POWERS
In order to calculate the values of the compensation powers, the instantaneous p-q theory proposed in 1983 by Akagi et al. [23] is used.
For the three phase system presented in Fig. 3 , the load current i L is the sum of three components i Lac , i Lre and i Lun related respectively to the active, reactive and deforming powers of the load (in our study the deforming power is due exclusively to load imbalance, it will be designated by unbalanced power/ note that it could be representing also the harmonic distortion which is not taken in consideration in our study):
The instantaneous p-q theory consists in applying Clarke's transformation for the three-phase voltages (v a , v b , v c ) and load currents (i La , i Lb , i Lc ), to pass from (a, b, c) coordinates to the (α, β) coordinates.
The instantaneous active power is calculated as follows:
And the instantaneous reactive power is calculated as follows:
The relationship between these powers p and q with the active, reactive and unbalanced load powers, P L , Q L and D L is [24] :
With ω 1 is the angular frequency of the system. These two powers p and q can be expressed in terms of continuous components (p,q) and alternative components (p,q):
By separating the ac components from the dc ones, the powers P L , Q L and D L , with their corresponding currents i La , i Lr and i Lu , can be deduced from equations (10)- (13) .
Since the objective is to achieve balanced grid currents (i sa , i sb , i sc ) with unity power factor despite of unbalanced reactive loads at the Point of Common Coupling (PCC), the WECS must compensate the load imbalance and improve the power factor by generating the same reactive and unbalanced powers (Q L , D L ) at the PCC in such a way that only active power will flow in the supply lines after compensation.
Thus reactive and unbalanced compensation powers,
B. POWER CAPABILITY OF THE DFIG AND THE GSC
Concerning the DFIG, the safety of its operation is assured when the following rated values are respected [25] :
• Stator voltage (imposed by the grid),
• Steady-state stability constraints VOLUME 6, 2018 Concerning the GSC: the power limitation of the converter depends on its rated apparent power.
1) STATOR CURRENT LIMITATION
The expression of the rated stator apparent power S snom as a function of the RMS values of the grid voltage V s and the rated stator current I snom is:
The apparent power can be shared between the stator active (P s ) and reactive power (Q s ), with:
The limitation of the stator active and reactive power imposed by the rated rotor current I rnom is:
where X s and X m are respectively the stator leakage reactance and the magnetizing reactance.
3) ROTOR VOLTAGE LIMITATION
The limitation of the stator active and reactive powers according to the rated rotor voltage V rnom is expressed as follows:
With X r : the rotor leakage reactance,
4) STEADY-STATE STABILITY CONSTRAINTS
By analyzing the relationship between the evolution of the torque of the wind turbine and the active power of the DFIG, the steady-state stability constraints can be deduced. In fact, during stable operation, the increase in the torque of the wind turbine is accompanied by an increase in the active power. The stator active power can be expressed as a function of the rotor voltage V r as follows:
With δ represents the phase shift between the rotor voltage and the stator voltage.
From (20) we can deduce that:
• For constant value of the rotor voltage, the stator power P s will depend on the angle δ.
• When δ increases in the interval 0, π 2 , the active power P s increases.
• When δ increases in the interval π 2 , π , the active power P s decreases. Stable operation will occur when the increase of the torque of the wind turbine causes the increase of the torque of the DFIG (thus the increase of the active power).
However, this is not verified when δ is in the interval π 2 , π because, in this interval, the increase of the torque of the wind turbine causes the increase of δ accompanied by a decrease of the torque of the DFIG (and thus a decrease in the active power P s which is a function of the sine of δ according to (20) ): Which reveals an unstable functioning.
Thus, to ensure stable operation of the DFIG, the following condition must be satisfied:
This implies the following limitation for the stator reactive power:
The stator reactive power should satisfy equation (22) in order to ensure stable operation.
5) GSC LIMITATION
In our study, the GSC is controlled in order to:
• Exchange the necessary active power P cr with the network in order to maintain constant the voltage across the DC link capacitor.
• Share with the stator the total reactive power needed to improve the power factor at the PCC.
• Inject the unbalance power that reduces (or even eliminates) the imbalance in the network. In steady state, neglecting the converter's losses, the active power P cr is equal to the rotor active power P r .
Therefore, the active, reactive and unbalance powers of the GSC (P r , Q cr , D cr ) will be limited by the apparent power rating of the converter S cnom converter, with:
V. THE PROPOSED METHOD
The new proposed method is based on the power capability of the WECS.
The method consists on determining the power coefficient allowing in priority to eliminate the imbalance, then to improve the power factor in the network while injecting the maximum possible active power.
Different power coefficient values allow the WTS to reduce the imbalance and improve the power factor in the network. However, only one value, which will be designated by optimal (C popt ), will allow the extraction of the maximum possible active power while respecting the conditions mentioned above (reactive and unbalanced power compensation).
By identifying the optimal power coefficient, the active powers of the stator and the rotor are then determined. Concerning the injection of the compensation powers, since unbalanced power component tend to cause undesirable phenomena in the electrical machine, only the GSC will be responsible for unbalanced power injection, while a reactive power share will occur between the GSC and the stator.
The RSC is controlled to adjust the active and reactive power of the stator, while the GSC is controlled to maintain constant the voltage across the DC link capacitor while injecting reactive and unbalanced powers.
In what follows, the proposed method is based on the choice of the slip corresponding to the desired optimal power coefficient.
In this study, the nominal rotor speed range is between 900 and 1800 rpm. According to this nominal range, the reference value of the slip will be in the following interval I 1 :
The developed method is explained in the steps below:
First, by giving priority to the reduction of the imbalance in the network over power factor improvement, we then prioritize unbalanced power compensation over reactive power compensation.
We will start by checking the capability of the GSC to inject the unbalanced power.
From (23), we can write:
From equations (1), (2) and (4), we can write:
Then by replacing (26) in (25) we obtain:
As seen in section III, for a given wind turbine, the power coefficient C p depends on the pitch angle β and the tip speed ratio λ which can be expressed as a function of the slip s.
Thus, from (27) we can deduce that, for a given wind power P v and a fixed angle β, the limit of the reactive and unbalanced powers of the GSC will depend only on the value of the slip.
By giving priority to the compensation of the unbalanced power over reactive power compensation, the total capacity of the GSC expressed in (27) will be reserved, first, for the compensation of the unbalanced power D cr :
Now, let's define the unbalanced power compensation capability F d of the GSC as follows:
From (28), two cases can be distinguished according to the value of the unbalanced power D c :
When the unbalanced power D c (calculated as in section IV.A) is greater than or equal to the apparent power rating S cnom of the GSC.
In this case:
• Only one slip value (s = 0) allows the injection of maximum unbalanced power. It ensures the total unbalanced power compensation in case the desired unbalanced power is equal to the nominal apparent power of the GSC (D c = S cnom ).
• There will be no possibility for injecting reactive power by the GSC, since its capacity is prioritized for unbalanced power injection. Therefore, the reference unbalanced power for the GSC is:
The value of the reference slip and the value of the reference reactive power of the GSC are then:
Once the slip value has been identified, the optimal power coefficient is then determined.
Case 2 (D c < S cnom ):
When the value of the unbalanced power D c verifies (28) for some slip values belonging to the interval I 1 .
• There are slip values that allow to completely compensate the imbalance.
• These values belong to an interval I 2 , which is a subset of the interval I 1 .
• It is possible to provide, in addition to the unbalanced power, reactive power, and thus improve the power factor. The value of the reference unbalanced power will be equal to the total power needed to compensate for the imbalance: Fig. 4 represents the shape of F d in function of the slip s over the interval I 1 with the illustration of the two abovementioned cases.
B. STEP 2: REACTIVE POWER COMPENSATION CAPABILITY
Concerning the injection of the reactive power, it will be shared between the stator and the GSC.
The sum of the reactive power that the stator and the GSC are capable of providing must be greater than or equal to the reactive power Q c (calculated as in section IV.A) needed to improve the power factor:
The maximum reactive power Q s that the stator is capable of providing is that which must simultaneously verify the limitations expressed by the equations (17)- (19) and (22). Considering that the most critical condition to satisfy is (17) , the limits of the stator reactive power and the GSC reactive power are:
Replacing (35) and (36) in (34), we obtain:
Now, let's define F c the function that determines the total capacity of the stator and the GSC to compensate the reactive power. This reactive power being shared between the stator and the GSC: We will only focus on the interval I 2 deduced from the previous step.
Two cases can be distinguished according to the value of the reactive power Q c :
Case 1 (Q c > F c ):
When equation V-C is not satisfied for any slip value in the interval I 2 , then:
• None of the slip values will allow the WECS to provide all of the requested reactive power Q c . • It is therefore necessary to choose the slip value for which the system is able to provide the maximum reactive power. This is the slip for which F c is maximal
When there are slip values in the interval I 2 satisfying equation V-C:
• There are some slip values that allow to provide the total reactive power demanded Q c (in addition to the unbalanced power compensation).
• These slip values belong to the interval I 3 , which is a subset of the interval I 2 (Fig. 5 ).
C. STEP 3: DETERMINATION OF THE OPTIMAL POWER COEFFICIENT
From interval I 3 defined in step 2, we go back to the power coefficient curve, and we choose the slip for which the wind system is operating at the maximum possible power point (Fig. 6 ). This chosen coefficient is not necessarily equal to the one obtained with the classical MPPT method. We can deduce that the proposed method is a generalization of the conventional MPPT method. In fact, the new optimal coefficient obtained with the new approach can converge towards the maximum coefficient chosen by the MPPT strategy. This occurs when the injection of the unbalanced and reactive powers does not limit the production of the maximum active power. Otherwise, the value of the power coefficient may decrease in order to increase the capability of injecting unbalanced and reactive powers from the WECS.
D. STEP 4: DETERMINATION OF REACTIVE REFERENCE POWERS OF THE STATOR AND THE GSC
Once the reference unbalanced power D crref of the GSC and the slip reference value s ref is identified (thus the optimal power coefficient C popt , the reference stator active power P sref and the reference GSC active power (P r ) are identified), the algorithm in its final step determines the reference reactive powers of the stator Q sref and the GSC Q crref .
The values of the reactive power references will be chosen so as to satisfy the following conditions:
The flowchart of the proposed method is presented in Fig. 7: 
VI. VALIDATION AND INTERPRETATION
In order to validate the proposed method, steady state simulations were performed using MATLAB / Simulink software on a 2-MW DFIG-WTS (with parameters given in Table 1 ). The stator and the GSC of the system are connected to a three-phase network consisting of a three-phase voltage source supplying unbalanced inductive loads as shown in Fig. 1 . The GSC is connected to the grid through an RL filter.
In order to independently control the active and reactive powers exchanged between the WECS and the grid, the vector control strategy with flux orientation has been applied based on proportional-integral controllers [26] .
A comparative study between the classical MPPT strategy and the proposed one has been carried out for two cases:
• Slightly unbalanced / inductive loads • Highly unbalanced and / or highly inductive loads The function F d , which expresses the capacity of the GSC to compensate the imbalance in the network, and the power coefficient C p , are plotted in Fig.8 in function of the slip, for a given wind power (P v = 1.1595 MW). The active, reactive and unbalanced grid currents components are presented in Fig. 10 .
Note that the unbalanced component presents a balanced three-phase system with the opposite phase sequence as the active and reactive component.
After applying the proposed method we conclude that: 1) Since the load is slightly unbalanced, the power required to compensate the entire load imbalance remains lower than the total capacity of the GSC. In fact, (28) , which expresses the capacity of the GSC to compensate the imbalance in the network, is verified in a wide interval I 1 (Fig. 8) . This results in the fact that the imbalance has been totally eliminated and the grid currents have become perfectly balanced as shown in Fig. 11 . 2) Since the load is slightly inductive, the reactive power required to improve the power factor to a value close to unity remains lower than that which the stator and the GSC can deliver. This allows the grid source to provide perfectly active and balanced currents as shown in Fig. 12 . 3) The unbalanced power is exclusively delivered by the GSC, while the active and reactive power are shared between the stator and the GSC (Fig. 13 ). 4) Since the compensation powers eliminating the imbalance and improving the power factor are relatively low, this will not limit the injection of the maximum active power. In this case, the power coefficient C popt identified by the proposed algorithm After applying the MPPT method and the developed one, we find that:
1) The unbalanced power that the MPPT method allows the WECS to deliver, to eliminate current unbalance, is less than the one that can be provided when using the proposed method. In fact, the results show that the imbalance persists when the MPPT strategy has been used, but it has been completely compensated when applying the proposed method (Fig. 15) . 2) In comparison with the case where the load is slightly unbalanced, equation (28),which expresses the capacity of the GSC to compensate the imbalance in the network, is verified within a restricted interval I 2 (Fig. 8) . This interval does not contain the slip that provides the maximum power coefficient (C pmax ). We conclude from the obtained results that the application of the proposed method allows the WTS to supply active power to the network under better conditions compared to the conventional MPPT method that provides maximum active power to a grid with poor power quality.
VII. IMPACT OF THE PROPOSED METHOD ON THE DC-LINK CAPACITORS VOLTAGE OF THE CONVERTER CONNECTING THE WIND TURBINE TO THE GRID
Certainly, the proposed method was able to improve the power quality in the network, however, it presents a negative impact on the DC-link capacitors voltage balance of multilevel converters. In fact, multilevel converters [27] are becoming promising in WTS integration thanks to their various advantages such as:
• Low-voltage stress on semiconductor switches, enabling high power operation while using standard semiconductors.
• Enhanced quality of output voltages which allows size reduction of the output filter. However, the inherent problem of multilevel converters is the maintenance of an equal voltage sharing between the DC-link capacitors.
In fact, in multilevel converters, the DC bus consists of several capacitors connected in series (N-1 capacitors for N levels). To ensure proper operation of the converter, the DC bus voltage must be shared equally between the capacitors.
For example, in the case of a three-level Neutral-PointClamped (NPC) converter (Fig. 16 ) (studied in this paper), the DC bus consists of two equal capacitors connected in series: the voltage across each capacitor should be equal to half the total DC-link voltage.
However, studies have shown that the DC-link voltage balance is not always guaranteed and it will even be accentuated when the converter is controlled to provide unbalanced currents [10] as required by the proposed method in this paper.
Therefore, solutions must be proposed to ensure the DC-link balance despite the unbalanced output currents.
In the literature, several solutions have been proposed, such as the Sinusoïdale Pulse Width Modulation (SPWM) method and the Space Vector Pulse Width Modulation method (SVPWM). Studies have shown that in these methods, the region in which the DC-link imbalance can be totally eliminated, is delimited by the modulation index M and the power factor angle ϕ as shown in Fig. 17 .
We find that the region in which the DC-link voltage can be totally balanced is the shadowed part in Fig. 17 .
Therefore, if the converter is operating outside this region, the DC-bus imbalance can be reduced but not suppressed completely.
The best situation for balancing the DC-bus is obtained when the power factor angle is equal to zero. In other words, when the reactive power supplied by the converter is close to zero.
However, in our study, to improve the power factor in the network, the converter is controlled to inject reactive currents (small power factor angle), which limits the possibility of balancing the DC bus according to Fig.17 [15] .
We can attribute this limitation to the fact that the synthesis of the reference voltage vector (in the conventional SVPWM method) is based on the nearest three voltage vectors among the 19 vectors in the space vector diagram [11] . This is the reason why we extended our investigation to the 19 vectors, corresponding to the 27 switching states, by adopting the predictive control presented next. 
VIII. THE PROPOSED PREDICTIVE CONTROL STRATEGY
For the three phases of the NPC inverter, 27 switching states are possible: They correspond to 19 voltage vectors. The vector model of the three level NPC inverter is used to represent the three-phase output voltages by space vectors in orthogonal plane (αβ) as shown in Fig. 18 .
Predictive control uses the discrete-time model of the system (GSC-Filter-Grid) to predict its behavior for all possible switching states [28] .
The switching state, that best achieves the objectives, will be chosen and used for controlling the converter.
Objectives are expressed in a cost function. They can represent reference currents tracking, DC-bus balancing or other objectives. Fig. 19 shows the detailed flowchart that explains the main steps of the predictive control applied to the NPC converter. In this flowchart f j represents the cost function calculated for the switching state j and w opt represents the switching state which minimizes the cost function.
In general, the choice of the cost function mainly depends on the intended application. The cost function considered in this paper presents two purposes:
• The first is to minimize the error between the inverter currents and their references. These references are calculated, using the instantaneous p-q theory [23] , to compensate the current unbalance and improve the power factor in the network.
• The second aims to balance the DC-bus by minimizing the difference between the voltages across the capacitors. For this reason we propose the following cost function: (V c1 , V c2 ) : Voltages across the capacitors of the DC bus. λ : weighting factor.
In the cost function, the weighting factor λ specifies the priority of one objective on other. For example, increasing the value of λ will give more priority to DC-link voltage balancing over reference current tracking (power factor improvement and load balancing in the network).
The discrete-time model of the system can be found in [29] . Based on the discrete-time model (with T s the sampling period), the control algorithm predicts, for all possible switching states, the output inverter currents and capacitors voltages at time t = (k + 1) T s based on their measured values at t = kT s .
The switching state that minimizes the cost function will be chosen and applied in the next instant t = (k + 1) T s . 
IX. SIMULATION AND EXPERIMENTAL RESULTS
Simulations and experiments have been carried out to evaluate the performance and effectiveness of the proposed predictive control algorithm.
Computer simulations were carried out using Matlab/ Simulink software and the proposed controller is experimentally implemented by using dSPACE DS1104 board. The prototype system is pictured in Fig. 20 . The parameters used in the simulation and experimental tests are identical. The prototype system consists of a 3L SKiiP 28MLI07E3V1 inverter [30] , line filter (Rf = 3 , Lf = 80mH) which connects the inverter to the power grid consisting of three-phase voltage source (40 V rms, 50 Hz) feeding start-connected load consisting of inductive (L1 = 0.06 H; L2 = 0 H; L3 = 0.166 H) and resistive elements (R1 = 38 ; R2 = 28 ; R3 = 40 ). The DC-link capacitors (Cdc = 1020 µF) are powered by a DC voltage source of 400 V. A sampling frequency of 10 kHz was selected, because it represented a good compromise between accuracy and speed of calculation.
Simulation and experimental results are analyzed to evaluate the ability of the predictive control to achieve all three objectives simultaneously: DC-link capacitors voltage balancing, load balancing and power factor correction in the power system.
The power supply system consists of a balanced threephase voltage source of 40V (rms) (Fig. 21) .
Since the star-connected loads are not identical, unbalanced currents are delivered by the supply as shown in Fig. (22) .
As pointed out above, power factor correction and load balancing are achieved by injecting compensation currents from the NPC converter. These compensation currents, represented in Fig. 23 are calculated using the instantaneous p-q theory.
After applying the proposed control strategy, Fig.24 clearly shows the good reference current tracking of the converter.
And thus, the grid currents are balanced and containing only active power component as shown in Fig. 25 . After verifying the ability of the proposed predictive control algorithm to ensure current balancing and power factor improvement in the power grid, we will evaluate the capability of the algorithm to provide DC-link balance.
In fact, in case of λ 1 = 0 in the cost function, the controller will no longer take into consideration the DC-link balancing problem. Consequently, a significant difference between the voltages across the DC-link capacitors is observed as shown in Fig. 26 .
This unbalance in the DC-link voltage may cause damage to the capacitors, an excessive high voltage applied to VOLUME 6, 2018 the switching devices and an increase in the output voltage harmonics.
On the other hand, when λ 1 is chosen to take into account the DC-link voltage balancing, the proposed algorithm was able to keep the voltages across each capacitor equal to half of the total DC voltage (Fig. 27) , while simultaneously ensuring load balancing and power factor correction objectives.
X. CONCLUSION
In this paper, unlike the MPPT method, we proposed a new control strategy that aims to identify the optimal power coefficient that enhances the participation of WECS in load balancing and power factor improvement in the network while injecting the maximum possible active power. Identifying the optimal power coefficient is related to the choice of the adequate slip value. Simulation results verified the contribution of the proposed method to involve WTS in improving the power quality in the network compared to the MPPT method. However, it has been found that the proposed method increases the DC-link unbalance in multilevel converters connecting the wind turbine to the grid. Our contribution, to overcome the DC-link voltage balancing limitations of conventional PWM methods, is to propose predictive control algorithm for three-level NPC converter, capable of simultaneously ensuring DC-link balancing, load balancing and power factor correction in the power system. The proposed method has been validated through simulation, and its feasibility in real time on an experimental bench has been verified. In perspective, research can be conducted to study the following points:
Since our study is based on the steady-state model of the DFIG, it is interesting to extend the study to the transient state of the system, thus implying the necessity to take into consideration additional criteria in the proposed algorithm.
When the control objectives are multiplied, the performances of the predictive control are reduced. It is important to propose, in future work, algorithms for the optimization of the weighting factors in the cost function.
